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1 Abstract 35 
Background: In vitro investigations have demonstrated the importance of the 36 
ribcage in stabilising the thoracic spine. Surgical alterations of the ribcage may 37 
change load-sharing patterns in the thoracic spine.  Computer models are used 38 
in this study to explore the effect of surgical disruption of the rib-vertebrae 39 
connections on ligament load-sharing in the thoracic spine. 40 
Methods: A finite element model of a T7-8 motion segment, including the T8 rib, 41 
was developed using CT-derived spinal anatomy for the Visible Woman. Both the 42 
intact motion segment and the motion segment with four successive stages of 43 
destabilization (discectomy and removal of right costovertebral joint, right 44 
costotransverse joint and left costovertebral joint) were analysed for a 2000Nmm 45 
moment in flexion/extension, lateral bending and axial rotation.  Joint rotational 46 
moments were compared with existing in vitro data and a detailed investigation of 47 
the load sharing between the posterior ligaments carried out. 48 
Findings: The simulated motion segment demonstrated acceptable agreement 49 
with in vitro data at all stages of destabilization.  Under lateral bending and axial 50 
rotation, the costovertebral joints were of critical importance in resisting applied 51 
moments. In comparison to the intact joint, anterior destabilization increases the 52 
total moment contributed by the posterior ligaments. 53 
Interpretation: Surgical removal of the costovertebral joints may lead to excessive 54 
rotational motion in a spinal joint, increasing the risk of overload and damage to 55 
the remaining ligaments. The findings of this study are particularly relevant for 56 
surgical procedures involving rib head resection, such as some techniques for 57 
scoliosis deformity correction.  58 
1.1 Key words 59 
thoracic spine, costovertebral joints, ribcage, scoliosis biomechanics, finite 60 
element model, spinal ligaments 61 
 62 
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2 Introduction 65 
The ribcage plays an important load bearing role in the functional behaviour of 66 
the thoracolumbar spine, providing between 31% and 40% of thoracic spine 67 
stiffness (Watkins IV et al., 2005). Destabilizing the thoracic spine by removal of 68 
the intervertebral discs and rib-vertebrae connections significantly increases the 69 
rotational range of motion (ROM) of the motion segments (Oda et al., 2002, Oda 70 
et al., 1996) of the thoracic spine (Feiertag et al., 1995).   71 
While these in vitro studies provide insight into how the rib-vertebrae connections 72 
influence the biomechanics of the spine, they do not provide insight into how 73 
surgical alteration of these structures affects the load sharing in the remaining 74 
soft tissue structures, particularly the posterior ligaments. This is relevant firstly, 75 
in elucidating how individual structural elements (osseous anatomy, ligamentous 76 
structures, arthrodial joints, intervertebral discs) within the thoracic spinal joints 77 
contribute to resisting applied loads and secondly, in better understanding the 78 
change in biomechanics following surgical procedures involving disruption of the 79 
costovertebral and/or costotransverse joints, such as spinal deformity surgery for 80 
scoliosis. Computer models of the spine have been previously employed to 81 
investigate the mechanics of the intact and surgically altered spine, to assist in 82 
better understanding spine biomechanics in scoliosis patients. Computational 83 
analysis allows in-depth investigation of the mechanics of both intact and 84 
surgically altered joint structures; however, computer models must first be 85 
validated against in vitro experimental data. However, existing finite element (FE) 86 
models of the thoracolumbar spine either neglect to include a representation for 87 
the ribcage (Aubin et al., 2003, Dumas et al., 2005, Viviani et al., 1986) or if the 88 
ribcage has been modelled, the rib-vertebrae connections are often highly 89 
simplified in their representation (Andriacchi et al., 1974, Descrimes et al., 1995, 90 
Gréalou et al., 2002, Lee et al., 1995, Sham et al., 2005, Stokes and Laible, 91 
1990). Moreover, these studies provide little detail to establish the accuracy of 92 
the ribcage representations employed, with validation of the modelling 93 
methodology based on comparisons of whole spine rotations with in vitro data 94 
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(Sham et al., 2005). Of particular interest is the accurate simulation of the rib-95 
vertebrae connections - the costovertebral and costotransverse joints - since 96 
these are the primary means of load transmission from the spine to the ribcage . 97 
In the current study, an FE model of the T7-8 thoracic motion segment, including 98 
T8 ribs, was validated using in vitro data for relative changes in joint range of 99 
motion between an intact motion segment and four stages of surgical joint 100 
destabilization (Oda et al., 2002). Following this, an in-depth investigation of the 101 
load sharing between the posterior ligaments spanning the motion segment was 102 
performed.  103 
3 Materials and Methods 104 
An FE model of an adult, osseo-ligamentous, T7-8 thoracic spinal motion 105 
segment (SMS), including the T8 left and right ribs, was generated using 106 
anatomy from the Visible Woman computed tomography (CT) dataset (The 107 
Visible Human Project, US National Library of Medicine). Five separate model 108 
cases were analyzed; an intact SMS, and four successive stages of anterior joint 109 
destabilization investigated in vitro by Oda et al. (Oda et al., 2002). Comparison 110 
of FE model predictions with the experimental data presented by Oda et al. (Oda 111 
et al., 2002) enabled validation of the model.  Following model validation, relative 112 
changes in ligament loads at each stage of destabilization were simulated, to 113 
investigate the mechanical influence of spinal joint structures on SMS 114 
biomechanics. While the thoracic spine segments tested by Oda et al. (Oda et 115 
al., 2002) included both ligamentous and muscular structures, without muscle 116 
activation it is expected that the spinal ligaments would primarily control the 117 
passive joint kinematics, therefore no attempt was made to include muscles in 118 
the model. Moreover, the stiffness of the spinal muscles are up to three orders of 119 
magnitude lower than ligament stiffnesses (Lu et al., 1996, Ward et al., 2009), 120 
therefore their contribution to passive joint biomechanics would be minimal. 121 
3.1 Intact T7-8 SMS – Geometry and FE Model Details 122 
Effect of surgical joint destabilization on ligament load-sharing 
- 7 - 
Our technique for deriving FE models from CT scan data of the thoracolumbar 123 
spine and ribcage has been previously described (Little and Adam, 2009, Little et 124 
al., 2008) and will not be included herein.  These techniques were used to create 125 
an FE model of the T7 and T8 vertebrae and T8 left and right ribs.  To replicate 126 
the anatomy of the motion segments tested by Oda et al. (Oda et al., 2002), only 127 
the posterior 5cm of the left and right rib was simulated. For the sake of brevity, 128 
references to the T7-8 SMS will assume this segment includes the T8 left and 129 
right ribs. Details of element types used to represent the components of the SMS 130 
are listed in Table 1. The meshed SMS is shown in Figure 1. The left and right 131 
costo-transverse joints (CTJt) were represented as rigid, kinematic constraints 132 
between the lateral-most point on the transverse processes of T8 and the 133 
adjacent region of the ribs. Mesh sensitivity analysis off the 4-node shell 134 
elements representing the ribs found that doubling mesh density changed the 135 
predicted joint stiffness by less than 2%.  136 
3.2 Costovertebral Joint – Anatomy and Simulation 137 
Anatomically, the costo-vertebral joints (CVJt) are arthrodial joints, with 138 
articulating surfaces on the medial rib and superior/inferior postero-lateral 139 
cortices of the adjoining vertebrae. Strong ligaments span the joint, both in the 140 
form of the surrounding joint ‘capsule’ as well as intra-joint ligamentous 141 
connections, with the radiate and interarticular ligament connecting the rib 142 
directly to both vertebrae and the lateral surface of the intervertebral disc (Gray, 143 
1918).  Given the biomechanical importance of these joints (Oda et al., 2002, 144 
Watkins IV et al., 2005), it was necessary to simulate the CVJts in detail in the 145 
current study so as to accurately model their structure and function. 146 
In the current study, the complex articulation between rib heads and the adjacent 147 
vertebrae and intervertebral discs was represented using ‘clusters’ of beams, 148 
connecting the medial end of the T8 ribs and the T7/T8 vertebrae and 149 
intervertebral disc surfaces, as shown in Figure 1B. The cross-sectional area of 150 
the CVJt was estimated to be 46mm2, based on the dimensions of the adjacent 151 
vertebrae and this area was evenly subdivided between each beam cross-152 
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section. To our knowledge, the present study presents the first validation of a 153 
thoracic SMS FE model incorporating a detailed representation for the CVJt 154 
articulations. 155 
3.3 Materials 156 
The material representations employed for all model components, except the 157 
vertebra-rib connections, have been described previously (Little and Adam, 158 
2009). The material parameters employed for these components are listed in 159 
Table 1. All ligaments were simulated as tension-only, axial connectors joining 160 
the relevant bony attachment points on the T7 and T8 vertebrae. No ligament 161 
wrapping was simulated. The ligaments were represented using piece-wise, 162 
nonlinear, elastic behaviour and nonlinear stiffness data were derived from 163 
existing literature (Chazal et al., 1985, Nolte et al., 1990, Shirazi-Adl et al., 1986), 164 
using ligament connector lengths derived from the bony anatomy of the Visible 165 
Woman T7/8 vertebral joint. Ligament cross-sectional areas were derived from 166 
Chazal et al. (Chazal et al., 1985) and Lu et al. (Lu et al., 1996). 167 
 168 
In the current study, bending and torsional properties for the simulated CVJts 169 
were derived from the bending and torsional stiffnesses presented by Lemosse et 170 
al. (Lemosse et al., 1998), following costo-transverse joint dissection (Table 1). 171 
The experimental stiffnesses (Lemosse et al., 1998) were averaged for the 172 
positive and negative loading directions. An approximated total CVJt area of 173 
46mm2 (including the rib connection to both vertebrae and the intervertebral disc) 174 
was subdivided between each beam element representing the CVJt (Figure 1B). 175 
Beam elements representing the CVJts were assigned compressive stiffness 176 
values derived from Andriacchi et al. (Andriacchi et al., 1974) (Table 1). 177 
3.4 Simulated destabilization of the SMS 178 
Following analysis of the intact T7/8 SMS, four successive stages of ‘anterior 179 
destabilization’ were simulated in the current study, to replicate the anterior 180 
destabilization steps carried out by Oda et al. (Oda et al., 2002). These included: 181 
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i. Discectomy  182 
ii. Removal of the right CVJt 183 
iii. Removal of the right CTJt 184 
iv. Removal of the left CVJt 185 
The intact SMS FE model will be referred to as intact. 186 
3.4.1 Stage i - Discectomy 187 
All meshed components of the simulated intervertebral disc, including the anulus 188 
fibrosus brick elements, collagen fibre tension-only connectors and hydrostatic 189 
fluid elements were removed (Figure 2A, highlighted with ). The connector 190 
elements representing the ALL and PLL were removed from the anterior and 191 
posterior margins of the T7/T8 disc space.  Finally, beam elements connecting 192 
the mid-height, medial rib and the lateral intervertebral disc in the CVJts were 193 
removed, leaving only the elements linking the ribs with the T7 and T8 vertebral 194 
cortices (Figure 2A, highlighted with ). This model will be referred to as 195 
discectomy. 196 
3.4.2 Stage ii – Removal of the right Costo-vertebral joint 197 
The remaining CVJt beam elements connecting the right rib head to the T7 and 198 
T8 vertebral cortices were removed from the discectomy model. This model will 199 
be referred to as RtCVJt (Figure 2A, highlighted with ). 200 
3.4.3 Stage iii – Removal of right Costo-transverse joint 201 
The linear, kinematic constraints that simulated the right CTJt were removed from 202 
the RtCVJt model. These constraints were connecting the right T8 transverse 203 
process to the adjacent region of the right rib (Figure 2A, highlighted with ). 204 
This model will be referred to as RtCTJt. Following this stage of destabilization, 205 
the right rib was no longer connected to the vertebra-disc-vertebra segment and 206 
as such, did not contribute to the mechanics of the analyzed motion segment. 207 
3.4.4 Stage iv – Removal of the left Costo-vertebral joint 208 
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Finally, the remaining beam elements spanning the left CVJt were removed 209 
(Figure 2B, highlighted with ) – these included beams connecting the left rib to 210 
the T7 and T8 vertebral cortices. This model will be referred to as LftCVJt (Figure 211 
2C).  Following this stage of destabilization, only the left CTJt connected the 212 
vertebra-disc-vertebra segment to the left rib.  213 
 214 
3.5 Loading and Boundary Conditions 215 
Three different load cases were applied to each of the five models, to replicate 216 
the loading and boundary conditions investigated by Oda et al. (Oda et al., 2002), 217 
who applied 2000Nmm moment loading about fixed axes to investigate the 218 
response of the cadaveric SMS to flexion-extension, left and right lateral bending 219 
and axial rotation.  The 2000Nmm moment used results in a physiological range 220 
of motion for a T7/8 spinal joint (Mannion et al., 2004). The antero-lateral rib ends 221 
were not constrained in the models, as was the case for the cadaveric joints 222 
tested experimentally. 223 
In the current study, the lower T8 endplate was rigidly constrained in all degrees-224 
of-freedom to a node at the centroid of the T8 vertebral body.  A rigid, kinematic 225 
constraint was simulated on the upper T7 endplate, constraining the motion of 226 
this surface to a loading point at the centre of the intervertebral disc, 227 
corresponding to the ‘midcolumn’ axis of rotation used by Oda (Oda et al, 2002).  228 
A ±2000Nmm moment applied at this point simulated flexion-extension, left-right 229 
lateral bending and left-right axial rotation, and all other degrees of freedom of 230 
the loading point were constrained following Oda et al. (Oda et al., 2002). 231 
3.6 Analyses 232 
Analyses were performed on an SGI Altix 4700 supercomputer (96x64bit 233 
processors, 198 GB RAM) using Abaqus/Standard 6.7.1 (Simulia, Providence, 234 
RI). All analyses were quasi-static with non-linear (finite strain) geometry 235 
capability enabled.  236 
3.6.1 SMS Model validation 237 
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Oda et al. (Oda et al., 2002) presented data for the percentage change in joint 238 
ROM after each stage of destabilization, relative to the intact joint (ie only relative 239 
changes were given, not absolute values). To validate the FE model, simulated 240 
absolute rotations of the intact model were compared with in vitro data from an 241 
earlier study (Panjabi et al., 1976), detailing the response of a T7-8 thoracic 242 
motion segment to an applied moment of ±2000Nmm about the three axes of 243 
motion. Following this, the expected in vitro ROM at each stage of destabilization 244 
was calculated using the data for relative increases in rotation presented by Oda 245 
et al. (Oda et al., 2002) and the intact ROM presented by Panjabi et al. (Panjabi 246 
et al., 1976). These data were expressed as joint stiffness for both the in vitro 247 
and simulated SMS, with stiffness (Nmm.degree-1) calculated using the applied 248 
moment (2000Nmm) and the angular ROM.  249 
3.6.2 Reaction Forces at the Loading Point and Reaction Moment at the Point of 250 
Constraint 251 
Oda et al. (Oda et al., 2002) stated that the loading conditions applied 252 
experimentally permitted constrained motion about one degree-of-freedom. 253 
These loading conditions were reproduced in the current study. However, this is 254 
a non-physiological loading state, since physiological joint motion occurs about a 255 
‘centrode of motion’ (Pearcy and Bogduk, 1988). Therefore constraining the point 256 
of loading to reproduce this in vitro loading condition generated reaction forces at 257 
this point. These reaction forces were investigated as were the reaction moments 258 
at the point of constraint for each analysis. These reaction moments were the 259 
sum of the applied moment (2000Nmm) and the moment resulting from the 260 
reaction forces generated at the point of loading (Figure 4).   261 
3.6.3 Investigation of SMS Mechanics 262 
Following this, a detailed investigation of the load sharing between the five 263 
posterior ligaments – inter-transverse, supra-/inter-spinous, ligamentum flavum 264 
and capsular ligaments – was carried out for the intact model and at each stage 265 
of destabilization. The resistive moment provided by each ligament about the 266 
point of loading was expressed as a percentage of the applied 2000Nmm 267 
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moment. The ligament resistive moment was calculated using the maximum 268 
connector force in elements simulating these ligaments and the normal distance 269 
between the centre of the disc (moment application point) and the centre of the 270 
ligament connector. The anterior and posterior longitudinal ligaments were not 271 
included in this comparison, since they were removed at the first stage of joint 272 
destabilization.  273 
Total ligament moment, TLM, was calculated as the total of the percentages of 274 
resistive moment carried by the posterior ligaments, so a TLM value of 100±0.5% 275 
(solution accuracy 5x10-3) implied the ligaments alone were responsible for 276 
resisting the applied moment. TLM<100% implied that the remainder of the 277 
applied moment was carried by anterior structures, namely the ALL, PLL and 278 
intervertebral disc.  279 
4 Results 280 
4.1 SMS Model Validation 281 
Figure 3 compares in vitro and FE model results for the intact model and the four 282 
levels of joint dissection under the three loading directions. The average error 283 
between simulated and in vitro stiffness was 31%, 13% and 7% for flexion-284 
extension, lateral bending and axial rotation, respectively, for all five models. 285 
While the errors in simulated joint stiffness were generally low, the exception was 286 
for the intact and LftCVJt models under lateral bending and the LftCVJt model 287 
under flexion-extension (Figure 3 A, B).  These results demonstrated differences 288 
in stiffness of 42%, -54% and 59%, respectively – this negative difference 289 
indicating the simulated SMS after the last stage of destabilization was overly lax 290 
in comparison to the in vitro stiffness derived from Oda et al. (Oda et al., 2002) 291 
and Panjabi et al (Panjabi et al., 1976).  Overall, the simulated SMS tended to 292 
overestimate rather than underestimate joint stiffness and the average error in 293 
simulated stiffness for all models, under the three load cases, was 17%. 294 
4.2 Reaction Forces and Moments  295 
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The reaction forces at the point of loading ranged from 0.3N to 120N (Table 2) 296 
and resulted in a total resistive moment at the point of constraint in T8 which was 297 
generally greater than the applied 2000Nmm moment (Tables 3, 4 and 5). In 298 
some analyses; however, the resistive moment was less than the applied 299 
2000Nmm moment  - this occurred for the flexion-extension and axial rotation 300 
load cases (Figure 4). 301 
4.3 Investigation of SMS Mechanics 302 
The predicted proportions of TAM resisted by each of the posterior ligaments, 303 
and how these proportions change with successive dissection of the joint are 304 
shown in Tables 3, 4 and 5. The simulated ROM in all five models was 305 
subdivided according to positive or negative rotation about the three axes, thus 306 
highlighting asymmetries in load-sharing during bi-directional loading.  307 
Under all three motions there was no change in the SMS rotation following 308 
removal of the right CTJt. For a 2000Nmm applied moment, the supra-/inter-309 
spinous ligament provided no resistance to motion about all three axes. The 310 
imbalance in the contralateral ligament moments for all except the supra-/inter-311 
spinous ligament, is indicative of the inherent, anatomical asymmetry in the 312 
human spinal motion segments.  313 
The posterior ligaments, the left CTJt and the zygapophyseal joints were the only 314 
structures that remained spanning the spinal joint in the LftCVJt model. Under 315 
extension, left lateral bending and right/left axial rotation, the TLM observed for 316 
these models suggested that structures other than the ligaments were 317 
contributing to resisting the applied moment .The results of these analyses 318 
showed contact pressures generated on the zygapophyseal joint surfaces and 319 
the comparatively high values for moment resisted by the capsular ligaments 320 
suggested that the contact forces transmitted across the zygapophyseal joints 321 
were providing a greater contribution to resisting the TLM than the left CTJt. 322 
4.3.1 Flexion-Extension 323 
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In the intact model, the posterior ligaments provide no resistance to the applied 324 
moment during extension. With successive destabilization of the joint, the 325 
capsular ligaments are the only ligaments which resist the applied moment, and 326 
there was a 31% increase in TLM with removal of the right CVJt and a further 327 
53% increase with removal of the left CVJt. 328 
Under flexion loading, the resistive moment is primarily provided by the inter-329 
transverse ligament and ligamentum flavum, until both CVJts are removed. In the 330 
RtCTJt model, over 40% of the applied moment is resisted by the remaining left 331 
CVJt. Load sharing in the LftCVJt model demonstrated that the capsular 332 
ligaments were resisting 35% of the applied moment.  333 
4.3.2 Left and Right Lateral Bending 334 
In the intact model, left and right lateral bending is primarily resisted by structures 335 
other than the posterior ligaments and this is true until both the left and right 336 
CVJts are removed. Removal of the left CVJt increases the portion of moment 337 
resisted by the ligaments, from 8.4 and 7.5% to 99.9 and 99.3% for right and left 338 
lateral bending, respectively.  339 
4.3.3 Left and Right Axial Rotation 340 
In both the intact and discectomy models, the posterior ligaments provide less 341 
than 1% of the total resistive moment under axial rotation. Removal of the right 342 
CVJt increases the TLM to 3.2% (left) and 4.4% (right) and removal of the left 343 
CVJt increases the TLM further to 98.4 (left) and 98.3% (right). In the LftCVJt 344 
model, the capsular ligaments are responsible for resisting the majority of the 345 
applied moment. The ROM in the LftCVJt model is approximately 1.3 times the 346 
ROM in the RtCTJt model and 5.6 times the ROM of the intact model. 347 
5 Discussion 348 
The current study presents a detailed finite element study of the mechanics of the 349 
T7-8 motion segment including the T8 ribs, validated by comparison with 350 
previous in vitro data. Following validation of the model predictions by 351 
comparison with previous experiments, the effect of surgical dissection on load 352 
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sharing between posterior ligaments, rib-vertebrae connections, and soft tissues 353 
spanning the joint space (ALL, PLL, intervertebral disc) was investigated. Ideally, 354 
a computer model such as the one used in this study would be validated by 355 
conducting both an experimental and a computational investigation of spinal joint 356 
biomechanics using the same joint anatomy. This was not possible in the current 357 
study, since the best available experimental data for rib-vertebra destabilization 358 
on human subjects is that of a previous study (Oda et al., 2002). We suggest that 359 
given the uncertainties in anatomy between model and experiment, the predicted 360 
trends in joint stiffness with successive destabilization (Figure 3) capture the 361 
experimentally measured trends well for all three directions of loading. 362 
A qualitative comparison of the change in stiffness between the intact model and 363 
after the four stages of destabilization, suggested that the relative influence of 364 
each removed structure on the overall joint ROM was similar between the 365 
simulated and in vitro SMS. The relatively low average error (<20%) between the 366 
simulated and in vitro stiffness suggested the detailed modeling approach we 367 
have employed to represent the rib-vertebra connections provides a valid 368 
representation of the mechanics of the thoracic motion segment. The in vitro data 369 
presented by Panjabi et al. (Panjabi et al., 1976) was for an experimental loading 370 
which applied unconstrained torsional moments about the three axes of motion. 371 
Conversely, the testing procedure used by Oda et al (Oda et al., 2002) and 372 
simulated in the current study applied constrained torsional moments on the 373 
SMS, with only one degree of freedom. This difference in experimental 374 
constraints between Oda et al. (Oda et al., 2002) and Panjabi et al. (Panjabi et 375 
al., 1976) potentially explains the marginally stiffer predicted response for the 376 
intact model compared to the experimental data from Panjabi et al. (Panjabi et 377 
al., 1976).  378 
Previous full spine FE models including the ribs have used relatively simple 379 
representations for the CVJts, representing these joints variously using a single, 380 
tension-only (Sham et al., 2005) or bilinear spring (Andriacchi et al., 1974), a ball-381 
and-socket joint (Descrimes et al., 1995, Stokes and Laible, 1990) or a single, 382 
linear, beam element (Gréalou et al., 2002, Lee et al., 1995). These 383 
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representations do not include the anatomical connection between the rib head 384 
and intervertebral disc. Material parameters for these linear connections have 385 
previously been derived using in vitro mechanical data from experimental testing 386 
of full spines (Sham et al., 2005). This approach does not account for the 387 
complex load sharing relationship between the ribs, vertebrae and intervertebral 388 
discs. The CVJt representation used in the current study addressed these 389 
limitations in previous studies, by simulating the connection between the rib head 390 
and adjacent intervertebral disc and vertebrae and deriving material properties 391 
for the joints from detailed experimental studies of the CVJt bending properties 392 
(Lemosse et al., 1998). 393 
In order for displacement controlled loading conditions to reproduce the 394 
physiological motion of the SMS in vitro, the prescribed rotational motion should 395 
be applied about a ‘centrode of motion’ (Pearcy and Bogduk, 1988). This is a 396 
locus comprising the instantaneous centre of rotation (the point about which pure 397 
rotational motion occurs) of the joint for each phase of rotational motion about a 398 
particular axis (Pearcy and Bogduk, 1988). However, Oda et al. (Oda et al., 399 
2002) defined one centre of rotation for all rotational motions – this location was 400 
reproduced in the current study. The predicted reaction forces generated at this 401 
point of loading suggested that, by constraining the degrees-of-freedom of the 402 
point about which rotational motion was prescribed, this loading method did not 403 
appropriately reproduce the physiological motion of a human SMS. If the point of 404 
loading was located at the physiological joint centroid, these forces would be 405 
zero. However, the experimental data provided by Oda et al. (Oda et al., 2002) 406 
still provide useful information for model validation.  407 
In the destabilized models, the observation that the simulated supra-/inter-408 
spinous ligaments provided no resistance to the applied moment was in keeping 409 
with the in vitro findings of Hindle et al. (Hindle et al., 1990), who observed that 410 
these structures provided minimal ‘mechanical assistance’ to the spinal joints for 411 
physiological flexion motions.  Oda et al. (Oda et al., 2002) found no significant 412 
change in the joint flexion-extension ROM following removal of the right CTJt; a 413 
trend also observed in the simulated SMS.  414 
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Results for lateral bending suggest that structures other than the posterior 415 
ligaments are responsible for resisting the applied moments in the intact and 416 
destabilized joint.  While the presented results do not provide data on relative 417 
load sharing between the left and right CVJts in the discectomy model, the 418 
considerable increase in resistive moment carried by the ligaments when the left 419 
CVJt is removed, suggests that these joints preferentially carry the majority of the 420 
lateral bending moment in either an intact or discectomy-destabilized joint. 421 
Moreover, there was a four-fold increase in lateral bending ROM once the left 422 
CVJt was removed and the ROM in the LftCVJt model was 12-16 times greater 423 
than the in vitro ROM for the intact T7-8 joint (Panjabi et al., 1976). These results 424 
suggest that compromising the mechanical integrity of the CVJts may have a 425 
detrimental influence on SMS joint mechanics under lateral bending, leading to 426 
hyper-motion in the joint. This is relevant to patients undergoing scoliosis 427 
corrective surgery involving removal of the rib-heads to better mobilize the spinal 428 
joint and achieve improved correction (Kaneda et al., 1997).  While these joints 429 
will subsequently be re-stabilized with rigid instrumentation, during the intra-430 
operative physical manipulation and compression of the joint to achieve 431 
correction of the lateral deformity, there is a potential for the spinal ligaments to 432 
be overloaded.  433 
The effect of surgical destabilization on thoracic joint stability is relevant to 434 
adolescent scoliosis surgery using anterior approaches. However, the 435 
costovertebral joints in adolescents are less ossified than in the adult spine 436 
(Gray, 1918), potentially making them more flexible than a mature joint. As such, 437 
inferences made from these computational results, relating to adolescent spinal 438 
deformity correction, must be interpreted in light of this limitation. 439 
These model predictions highlight the changed biomechanical role of the 440 
ligaments in a spinal joint which has been destabilized due to discectomy and 441 
compromise/removal of the CVJts. Compressive joint forces in excess of 1kN 442 
have been measured intra-operatively (Cunningham et al., 2009) during 443 
deformity correction surgery for scoliosis, which would equate to an applied 444 
lateral bending moment in the order of 1x104Nmm at the spinal joint. Under such 445 
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high applied forces, without the stabilizing contribution of the rib-vertebra 446 
connections, there is a high likelihood that ligament forces/strains may exceed 447 
the relevant rupture values (Chazal et al., 1985, Nolte et al., 1990). In agreement 448 
with the current analyses, Feiertag et al. (Feiertag et al., 1995) observed that 449 
discectomy and rib head resection resulted in a significant increase in the 450 
rotational ROM of thoracic joints. In the context of surgical deformity correction 451 
for scoliosis, they suggested this additional rotation in the destabilized condition 452 
could be indicative of an achievable correction following scoliosis surgery; that is, 453 
over and above the correction seen on bending films prior to surgery. Kaneda et 454 
al. (Kaneda et al., 1997) concluded that rib head resection permitted a higher 455 
correction rate to be achieved by destabilizing the rigid thoracic scoliosis. . 456 
6 Conclusion 457 
Finite element computer models of the thoracic spine and ribcage have the 458 
potential to predict loads experienced in individual soft tissue structures during 459 
spinal motions. Overall, the costo-vertebral joints appear to be of critical 460 
importance to the mechanical function of the spinal motion segments. Surgically 461 
compromising the mechanical integrity of these joints will likely lead to soft tissue 462 
structures surrounding the osseous spinal anatomy resisting greater loads than in 463 
the intact/healthy joint, and may bring with it a risk of soft tissue overload and 464 
ligament damage. 465 
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7 Table Captions 
Table 1: 
Element representations and material parameters used for the T7-8 FE model. 
(CL = capsular ligament, ITV = inter-transverse ligament, SSP – combined 
supra/inter-spinous ligament, ALL = anterior longitudinal ligament, PLL = 
posterior longitudinal ligament, LF – ligamentum flavum) 
Table 2: 
Reaction force at the point of loading (Newtons) (RF1 – positive in the posterior 
direction; RF2 – positive in the right lateral direction; RF3 – positive in the 
superior direction) 
Table 3: 
Load sharing between posterior ligaments under flexion-extension loading. 
Flexion = negative rotation. (ITVL/R = intertransverse ligament, left and right; 
SSP = supra-/inter-spinous ligament; FLAVL/R = ligamentum flavum, left and 
right; CAPL/R = capsular ligament, left and right, TLM = total ligament moment) 
Table 4: 
Load sharing between posterior ligaments under left and right lateral bending. 
Right lateral bending = negative rotation. (ITVL/R = intertransverse ligament, left 
and right; SSP = supra-/inter-spinous ligament; FLAVL/R = ligamentum flavum, 
left and right; CAPL/R = capsular ligament, left and right, TLM = total ligament 
moment) 
Table 5: 
Load sharing between posterior ligaments under left and right axial rotation. 
Right axial rotation = negative rotation. (ITVL/R = intertransverse ligament, left 
and right; SSP = supra-/inter-spinous ligament; FLAVL/R = ligamentum flavum, 
left and right; CAPL/R = capsular ligament, left and right, TLM = total ligament 
moment) 
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8 Figure captions 
Figure 1: 
Finite element mesh for a T7/8 single motion segment with ribs (T8), viewed from 
the left antero-lateral direction. Yellow elements = intervertebral disc; Purple 
elements = CVJt; Green lines posteriorly = posterior bony structures (assumed 
rigid), Blue broken lines = posterior ligaments. A. Full SMS, B. showing CVJt 
beam connections from the left rib to the vertebrae and intervertebral disc. 
Figure 2: 
Four stages of SMS joint destabilization.  Discectomy;  Remove right CVJt; 
 Remove right CTJt;  Remove left CVJt. A, B. Four stages of destabilization; 
C Left postero-lateral view showing fully destabilized joint with only the left CTJt 
connecting the vertebra-disc-vertebra motion segment to the ribs – the right rib is 
shown for consistency but did not contribute to the joint mechanics. 
Figure 3: 
Comparison of in vitro and simulated joint stiffness, for an applied moment load 
of 2000Nmm about the three axes of motion, for the intact case and the four 
stages of joint destabilization . A. Flexion-extension; B. Left and right lateral 
bending; C. Left and right axial rotation. 
Figure 4: 
Schematic of the T7/8 SMS (viewed from the left lateral direction) for the flexion 
loadcase applied to the LftCVJt model, demonstrating an instance where the 
resistive moment at the point of constraint is less than the applied 2000Nmm 
moment. The schematic shows the applied flexion moment at the point of loading 
in the intervertebral disc; the reaction force components and resultant at this 
point; and the reaction moment at the fixed boundary constraint on T8. 
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Table 1 Element representations and material parameters used for the T7-8 FE model. 
(CL = capsular ligament, ITV = inter-transverse ligament, SSP – combined supra/inter-
spinous ligament, ALL = anterior longitudinal ligament, PLL = posterior longitudinal 
ligament, LF – ligamentum flavum) 
 Element 
representation 
Material 
representation 
Reference 
Cortical Bone 3D, 4-node shell Linear elastic: 
E = 11,300 MPa  
 = 0.2 
Lu et al., 1996 
Cancellous Bone 3D, 8-node, brick Linear elastic: 
E = 140 MPa 
 = 0.2 
Lu et al., 1996 
Intervertebral 
disc: 
Annulus ground 
matrix 
3D, 8-node brick Hyperelastic, Mooney-
Rivlin: 
C10 = 0.7 
C01 = 0.2 
Little et al., 2007; 
Natali 1991 
Collagen fibres 3D, tension-only link 
(rebar elements) 
Linear elastic: 
E = 500MPa 
 = 0.3 
Kimpara et al., 
2005; Kumaresan 
et al., 1999 
Nucleus pulposus 3D, 4-node, 
hydrostatic fluid 
Incompressible  Nachemson 1960 
Posterior bony 
elements 
3D, 2-node, rigid 
beams 
Rigid  
Zygapophyseal 
joint surfaces 
3D, 4-node, shell 
element 
Cortical Bone: 
Linear elastic: 
E = 11,300 MPa  
 = 0.2 
 
Costo-vertebral 
joint: 
3D, 2-node beams Linear elastic: 
Ecompr = 245N.mm
-1
 
Torsion stiffness, k = 
4167 Nmm.rad
-1
 
Bending stiffness, k = 
6706 Nmm.rad
-1
 
(average antero-
posterior and cranio-
caudal flexion 
stiffness) 
Andriacchi et al., 
1974; Lemosse et 
al., 1998 
Table(s)
Ligaments 
 
3D, 2-node, tension-
only, connectors 
Piecewise, non-linear CL, SSP - Shirazi-
Adl et al., 1986; 
ITV - Chazal et al., 
1985; 
ALL, PLL, LF - 
Nolte et al., 1990 
 
 
 
Table 2 Reaction force at the point of loading (Newtons) (RF1 – positive in the posterior direction; RF2 – positive in the right lateral direction; RF3 
– positive in the superior direction) 
  
Flexion Extension 
Right Lateral 
Bending 
Left Lateral 
Bending 
Right Axial 
Rotation 
Left Axial 
Rotation 
Intact RF1 -18.2 0.3 -16.5 -14.5 -8.6 -15.6 
 RF2 3.4 -3.4 16.4 -15.6 -13.3 13.1 
 RF3 102.1 -44.8 -10.7 41.6 8.3 8.3 
Discectomy RF1 -42.0 63.7 -5.9 5.4 -7.9 5.1 
 RF2 5.8 -4.8 28.3 -27.9 -27.8 28.2 
 RF3 96.0 -120.2 7.1 -0.4 4.8 -2.4 
RtCVJt RF1 -36.5 65.1 -19.4 18.1 -83.1 78.1 
 RF2 16.8 -13.5 33.4 -29.5 -14.5 18.9 
 RF3 80.4 -94.8 85.5 -74.0 7.8 -2.9 
RtCTJt RF1 -36.5 65.1 -19.4 18.1 -83.1 78.1 
 RF2 16.8 -13.5 33.4 -29.5 -14.5 18.9 
 RF3 80.4 -94.8 85.5 -74.0 7.8 -2.9 
LftCVJt RF1 13.9 49.9 59.3 54.7 52.9 53.3 
 RF2 -1.6 4.6 23.4 -12.0 -47.5 43.8 
 RF3 60.8 -67.1 63.0 77.5 3.7 12.0 
Table 3 Load sharing between posterior ligaments under flexion-extension loading. Flexion = negative rotation. (ITVL/R = intertransverse ligament, 
left and right; SSP = supra-/inter-spinous ligament; FLAVL/R = ligamentum flavum, left and right; CAPL/R = capsular ligament, left and right, TLM = 
total ligament moment)  
Model Direction Rotation 
(degrees) 
Total 
Resistive 
Moment at 
the Point of 
Constraint 
(Nmm) 
Moment carried by ligaments 
Percentage of 2000Nmm, % 
Total, 
TLM  
(%) 
ITVL ITVR SSP FLAVL FLAVR CAPL CAPR 
Intact Flexion -0.55 2164 5.9 6.2 0 3.7 4.2 0 0 19.9 
 Extension 0.62 -1983 0 0 0 0 0 0 0 0 
Discectomy Flexion -1.20 2439 12.9 13.7 0 8.0 9.3 0 0 43.9 
  Extension 1.55 -2677 0 0 0 0 0 3.3 11.7 15.0 
RtCVJt Flexion -1.52 2382 16.2 17.6 0 10.1 11.8 2.2 0 57.9 
 Extension 1.92 -2706 0 0 0 0 0 12.3 33.6 45.9 
RtCTJt Flexion -1.52 2382 16.2 17.6 0 10.1 11.8 2.2 0 57.9 
 Extension 1.92 -2706 0 0 0 0 0 12.3 33.6 45.9 
LftCVJt Flexion -1.77 1812 19.0 20.3 0 11.8 13.7 31.9 3.3 99.9 
 Extension 2.06 -2543 0 0 0 0 0 42.1 56.7 98.8 
 Table 4 Load sharing between posterior ligaments under left and right lateral bending. Right lateral bending = negative rotation. (ITVL/R = 
intertransverse ligament, left and right; SSP = supra-/inter-spinous ligament; FLAVL/R = ligamentum flavum, left and right; CAPL/R = capsular 
ligament, left and right, TLM = total ligament moment)  
Model Direction Rotation 
(degrees) 
Total 
Resistive 
Moment at 
the Point of 
Constraint 
(Nmm) 
Moment carried by ligaments 
Percentage of 2000Nmm, % 
Total, 
TLM 
(%) 
ITVL ITVR SSP FLAVL FLAVR CAPL CAPR 
Intact Right -0.38 2183 2.2 0 0 0.1 0 0 0 2.3 
 Left 0.36 -2158 0 1.8 0 0 0.2 0 0 2.0 
Discectomy Right -0.73 2329 4.4 0 0 0.3 0 0 0 4.7 
 Left 0.74 -2320 0 3.8 0 0 0.4 0 0 4.2 
RtCVJt Right -1.30 2426 7.9 0 0 0.5 0 0 0 8.4 
 Left 1.31 -2375 0 6.8 0 0 0.7 0 0 7.5 
RtCTJt Right -1.30 2426 7.9 0 0 0.5 0 0 0 8.4 
 Left 1.31 -2375 0 6.8 0 0 0.7 0 0 7.5 
LftCVJt Right -4.99 2299 49.9 0 0 1.7 0 30.8 17.5 99.9 
 Left 5.29 -2098 0 42.2 0 0 2.8 15.8 38.5 99.3 
 
Table 5 Load sharing between posterior ligaments under left and right axial rotation. Right axial rotation = negative rotation.  (ITVL/R = 
intertransverse ligament, left and right; SSP = supra-/inter-spinous ligament; FLAVL/R = ligamentum flavum, left and right; CAPL/R = capsular 
ligament, left and right, TLM = total ligament moment) 
Model Direction Rotation 
(degrees) 
Total 
Resistive 
Moment at 
the Point of 
Constraint 
(Nmm) 
Moment carried by ligaments 
Percentage of 2000Nmm, % 
Total, 
TLM 
(%) 
ITVL ITVR SSP FLAVL FLAVR CAPL CAPR 
Intact Right -0.34 1998 0 0 0 0 0 0 0 0 
 Left 0.32 -1986 0.2 0.2 0 0 0 0 0 0.4 
Discectomy Right -0.73 1991 0 0 0 0 0 0 0 0 
 Left 0.72 -1990 0.5 0.5 0 0 0 0 0 1.0 
RtCVJt Right -1.41 2035 0 0 0 0 0 0 3.2 3.2 
 Left 1.41 -2030 1.2 1.0 0 0 0 2.2 0 4.4 
RtCTJt Right -1.41 2035 0 0 0 0 0 0 3.2 3.2 
 Left 1.41 -2030 1.2 1.0 0 0 0 2.2 0 4.4 
LftCVJt Right -1.86 1952 0 0 0 0 0 18.3 80.1 98.4 
 Left 1.82 -2007 1.5 1.5 0 0 0 88.6 6.7 98.3 
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Figure 3
A B
C
Reaction force components – Fx = 13.9N; Fz = 60.8
Reaction force resultant
Point of loading – for flexion, constrained in all degrees-
of-freedom except for rotation about the z axis.
z
x
Applied flexion moment at the point of loading  – 2000Nmm
Reaction moment at T8 – 1812Nmm
Figure 4
Fx
Fz
Point of constraint in the centre of T8 – the inferior 
vertebral endplate is rigidly constrained to this point
